We show that polyoxometalate (ammonium phosphomolybdate) Keggin in aqueous dispersions upon sonication spontaneously transforms into micrometer-sized, peapod-shaped structures. The formation of these peapods is preceded by the generation of spherical aggregates. The particles have been characterized experimentally by time-resolved dynamic light scattering (DLS), transmission electron microscopy (TEM), and scanning TEM with a high-angle annular dark field detector (STEM-HAADF) for energy-dispersive X-ray (STEM/EDX) elemental analyses. A pathway for the phenomenon is proposed.
Introduction
Inorganic metal oxide-based clusters, polyoxometalates or POMs, have been used extensively as model systems to study transformations in molecular architecture. 1 Recent work has demonstrated that complex and large single-molecule POM clusters may even spontaneously form superstructure of colloidal size (i.e., on the order of 10-100 nm 2-4 ). Here we address the following question: can very simple sparingly soluble salts of polyoxometalates, such as the ammonium salt of phosphododecamolybdate Keggin, 5 also show comparable superstructure formation? Indications come from observations that dilute solutions of this Keggin salt tend to scatter light, 6 pointing to the presence of objects on colloidal length scales. Recently, phosphododecatungstate Keggin has been used in combination with AOT microemulsions or as templates to generate fibrous, star-like, and other interesting architectures on colloidal length scales. 7 Even as early as the 1930s, complex structure formation with phophatide coacervates had been observed. 8 Interestingly, though it is known that the ammonium salt of phosphododecamolybdate Keggin forms a colloidal dispersion in water, 6 the characteristics of the particles of this dispersion have not been investigated until now. However, a lot of fundamental work has been done with the ammonium phosphomolybdate Keggin. For instance, spectroscopic investigations on the formation of the phosphomolybdate Keggin in aqueous and organic solvents, 9 a DFT study of their stability, 10 a quantum mechanical study of their thermal decomposition, 11 and studies of their catalytic activity [12] [13] [14] are only a few. Extensive investigations have also been carried out to explore the nature of related POMs in solution [15] [16] [17] [18] [19] [20] [21] and can be traced back to 1783, 22 yet interestingly, the nature of colloidal objects in an aqueous dispersion of the ammonium phosphomolybdate Keggin has not been investigated. It is only known that a dilute aqueous solution of the salt is unstable. 1 Hence to address the question of the nature of the colloidal objects in an aqueous dispersion of ammonium phosphododecamolybdate Keggin, we started our investigation with a very dilute sonicated dispersion of the salt. An investigation of this sonicated aqueous colloidal dispersion reveals the spontaneous formation of small spheres (5-50 nm radii) that with time generate micrometer sized "pea-pod"-like particles and finally rods (upon acidification) as shown schematically in Figure 1 . The investigation was carried out using time-resolved dynamic light scattering (DLS), transmission electron microscopy (TEM), and scanning TEM (STEM) with a high-angle annular dark field detector (HAADF) for energydispersive X-ray (TEM/EDX) elemental analyses. of ammonium phosphomolybdate was added 20 mL of water. The suspension was sonicated for 10 min, and the undissolved remnants of yellow phosphomolybdate Keggin were removed by centrifugation. The supernatant was separated and further filtered through a 3-µm (pore-diameter) solvent-resistant Millipore membrane. The pH of the filtrate was ca. 4.5. This filtrate was further used for analyses by DLS, TEM, and EDX/STEM. The acidification experiments to leech out the spheres from the peapods were then performed on the same filtrate after it was 3 days old. The acidification was done using 1 M hydrochloric acid, and the pH of the acidified dispersion was determined to be around 2, which led to the leeching of the spheres from the peapods. (See the text). The pH of the dispersions for the purpose was measured with a Schott-Geräte pH meter. Dynamic Light Scattering (DLS) Experiments and Analyses. DLS measurements were performed using an argon laser (Spectra Physics, series 2020, λ ) 514.5 nm) operating at a laser intensity of 450 mW and a temperature of 298 K. The samples were measured in Danliker cuvettes. The intensity autocorrelation functions (IACF) were obtained using a Malvern correlator. In time-resolved DLS, each measurement was performed at six angles (30, 48, 66, 84, 102, and 120°) . At each angle, 10-20 decay curves were measured, and the decay exponent was obtained by fitting the decay curves to a second-order cumulant fit that implied the presence of more than one component in the system in addition to the starting spherical particles. The radii of the starting spherical particles obtained from the apparent translational diffusion coefficients of the DLS experiment were in the range of around 50-80 nm. However, for the peapods we analyzed the data using the model of thick rods. 23 Some approximations were essential for calculating the diffusion coefficients of the peapods using their TEM dimensions. Those approximations are as follows: (1) Translational and rotational diffusion are decoupled. (2) Polydispersity in size, shape, and refractive index is neglected.
Materials and Methods

Synthetic
With these approximations, the diffusion coefficients of the peapods, in the limit of infinite dilution, were obtained using the following relations 23 where D 0,| and D 0,⊥ are the translational diffusion coefficients parallel and perpendicular to the long axis, respectively, including end effects; k B is the Boltzmann constant; l is the length and d is the diameter of the peapods; and η is the viscosity of the water with the peapods. (Because the concentration of the Keggin used was too low, only the viscosity of water was used for calculations.) Using l ) 2 µm, d ) 500 nm (as obtained from TEM), k ) 1.38 × 10 -23 J/K, T ) 298 K, and η ) 898 mPa for water at 298 K, we obtained D 0,| ) 5.1 × 10 -13 m 2 /s and D 0,⊥ ) 2.3 × 10 -13 m 2 /s. The weightedaverage translational diffusion coefficient calculated as above was 〈D〉 ) 3.3 × 10 -13 m 2 /s (〈D〉 ) 1 / 3 D 0,| + 2 / 3 D 0,⊥ ), whereas the experimental diffusion coefficient from DLS was 4.8 × 10 -13 m 2 /s at the smallest scattering vector k.
Transmission Electron Microscopy and Energy-Dispersive X-ray Analyses (EDX/STEM). Bright-field images were taken using a Tecnai 10 (FEI Company) transmission electron microscope operated at an acceleration voltage of 100 kV. Dark-field images were collected and EDX (energy-dispersive X-ray) analyses were made using a Tecnai 20 (FEI Company) transmission electron microscope operated at an acceleration voltage of 200 kV with an EDX/STEM HAADF (scanning transmission electron microscope with a high-angle annular dark field) detector. The TEM micrographs have been processed using TIA software (Tecnai imaging and analysis software).
Results and Discussion
Our investigation was started with a very dilute sonicated aqueous dispersion of the ammonium phosphomolybdate Keggin salt using time-resolved dynamic light scattering (DLS) experiments. The apparent translational diffusion coefficients (D) ascertained from the freshly prepared dispersion decreased, whereas the dynamic contrast, which is related to turbidity or the total scattering intensity, increased for a given scattering angle within 1 day. These observations clearly imply a "growth" of the particles in the colloidal dispersion of the Keggin. Indeed, the hydrodynamic radii of the particles, calculated from translational diffusion coefficients by DLS experiments (assuming spherical particles), increased from 50-500 nm in 2 days. The growth of the particle radius with time indicates power-law behavior ( Figure  2 ) with an exponent close to 0.3, pointing to Ostwald ripening, but over a limited time window of 26-66 h. At longer times, a plateau is reached, implying that particles reach a constant size. The exact morphology of the particles was determined by TEM (Figure 1) .
TEM micrographs from the "fresh" dispersion showed the presence of small spherelike entities with radii in the range of 5-50 nm (Figure 1) . After 2 to 3 days, the spheres start disappearing, and larger cylinders are observed, which decimates the continuous growth of the particles and results in the formation of a plateau as seen from DLS (Figure 2 ). These cylinders have Power-law behavior of the time-dependent growth of particles in the Keggin dispersion. The plot shown was measured at a 66°scattering angle; however, this behavior is observed for all six angles at which the experiments were carried out and is independent of the angle or the sample time used.
Lettersan average length of around 2 µm and a diameter of 500 nm (Figure 3) . Additionally, smaller spheres with diameters of around 200 nm are found to be embedded in these cylinders. The morphological resemblance of these structures to those of peapods prompted us to name them inorganic peapods. Further consistency was observed between our TEM and DLS experiments other than the formation of a plateau in the time-dependent growth profile of the particles as mentioned above. The TEM radii of the starting spherical particles were in the range of 5 nm j R j 50 nm, whereas the radii obtained from the apparent translational diffusion coefficients of the DLS experiment were in the range of around 50-80 nm. For the peapods, the matching of the particle dimensions from TEM and DLS was carried out. (See Materials and Methods section for a detailed analysis.)
The consistency between the calculated translational diffusion coefficient using the TEM particle dimensions (3.3 × 10 -13 m 2 / s) and the experimentally obtained value (4.8 × 10 -13 m 2 /s) from DLS implies that the time-dependent shape transformation of the particles in the Keggin dispersion from spheres to cylindrical peapods indeed represent a global picture of the dispersion and not some artifact of TEM or a statistically insignificant local phenomenon. Hence, the next imminent question is, what is the nature of these peapods?
Because of the very small concentration of Keggins, spectroscopic techniques such as 31 P NMR, attenuated total reflection infrared (ATR-IR), and Raman spectroscopy and diffraction technique such as small-angle X-ray scattering (SAXS) were of no help in answering the question. (Note that an estimate of the concentration was made by weighing the insoluble solid residue, and the concentration of the dispersion was found to be ca. 5 µM.) Even selected-area electron diffraction (SAED) was not informative because the spheres and peapods turned out to be noncrystalline. We were left with semiquantitative energydispersive X-ray analyses and coupled it for confirmation with scanning transmission electron microscopy in a dark field with a high-angle annular dark-field detector (STEM-HAADF). STEM clearly showed constitutional heterogeneity in the peapods' elemental composition. The spheres in the peapods showed up as bright spots (Figure 4) , implying the presence of densely packed heavier elements, whereas the cylindrical shell showed up as a darker region, implying less densely packed elements with lesser secondary electrons. EDX was coupled with STEM-HAADF (high-angle annular dark field), and elemental mappings of the bright spots in STEM together with that of the darker background were carried out (Figure 4) . The analyses consistently revealed a 2:1 P/Mo elemental ratio in the bright spots, whereas those in the darker background did not reveal any P but only Mo. Taking into account the unreliability of the elemental estimations of lighter elements such as O, the accuracy of its abundance by EDX might be doubted but not its presence. In the spheres, we observed P/Mo in an approximate atomic ratio of 2:1, whereas in the cylindrical background only Mo/O was found in a ratio ∼1:10. 24 On the basis of these EDX/STEM elemental analysis data, we propose [P 2 MoO 11 ] 6-(abbreviated {P 2 Mo} throughout the remainder of the letter) as the prime constituent of the spherical entities surrounded by one or more sheets 25 of MoO 3 of the peapods formed according to the following transformation (Figures 4 and 5) :
The tendency of MoO 3 to form sheets and to intercalate protons has been shown 25 and is evident from their layer lattice crystal structure ( Figure 5 ). The protons can be thought of as being intercalated between the layer lattices of MoO 3 sheets. 25 Even their ability to form rods has recently been explored. 26 We sought additional support for the plausibility of the reaction proposed above. Indeed, after acidification, the peapods lost their spherical {P 2 Mo} seeds as a result of acid-induced cleavage of one of the (24) Note that initially formed spherical Keggin particles with a radius of around 5-50 nm revealed a P/Mo ratio of around 1:12 or less. Hence, the formation of lacunary Keggins (with one or more missing Mo cap) or even higher lacunary derivatives in those starting particles may not be unlikely, which is in line with the instability of the phosphododecamolybdate Keggins in very dilute aqueous dispersions as reported in the literature. 1a (25) Adams, S.; Ehses, K. P-O-Mo bonds, and in TEM, only MoO 3 cylinders were left. However, many dark spots were found around the cylinders, which were the remaining phosphates (as ascertained by EDX/ STEM analyses). The overall phenomenon has been summarized schematically in Figure 5 . It is perhaps appropriate here to compare and contrast the nature of the morphological complexity in our system with that of the well-known Stöber synthesis of colloidal silica spheres. 27 In Stöber's route, the hydrolyzed product of alkyl-silicates decomposes into silica, and subsequent condensation of silicic acid results in the formation of colloidal spheres. In our case, we have an additional level of complexity. Here we have a comparable hydrolytic decomposition process that forms two morphologies (i.e., {P 2 Mo} spheres and MoO 3 plates) at the same time that interfere, ultimately leading to the formation of peapods.
An important point within this context might be worth noting. The nature of the counter ions of the phosphomolybdate Keggin plays an important role in the formation of these structures. For instance, a more soluble sodium salt of phosphomolybdate does not form peapods as discussed here; instead, they remain in the solvated state in solution.
We now speculate as to why peapods are formed. Physically, it is relatively easy to understand the formation of a cylindrical morphology rather than a sphere. This is because a cylinder, unlike a sphere, does not require the generation of 12 c 5 axes and the breaking of 12 contacts thereof. The question of why spherical {P 2 Mo} forms spheres wrapped in a sheet of MoO 3 remains to be answered. However, from a chemical point of view it is intriguing to see how the less-soluble ammonium salt of twocomponent phosphododecamolybdate Keggin goes back to its two starting components, MoO 3 and PO 4 3-, via a series of shape transitions. Though the exact mechanism of this shape transition is not yet understood, we may allude to an architectural concept for stress analysis as an analogy. It is known that any architecture crumbles along the weaker lines of its construction when subjected to a yielding force. Perhaps likewise the phenomenon as outlined here traces out the fault lines of phosphomolybdate Keggin's molecular construction (i.e., the linking between the central tetrahedral phosphate and the four surrounding {Mo 3 } caps) via the µ 3 -Os (Figure 1 ) along which the Keggin salt decomposes, forming macroscopic peapods and finally MoO 3 cylinders. It might also be mentioned that we believe that stress in the molecular Keggin arises along the µ 3 -Os (the alleged fault-lines) because components on either side of the faultline (i.e., the PO 4 and MoO 3 caps) prefer different curvatures. Additionally, the Mo-O-Mo angular strain in the starting molecule (along the µ 3 -Os marking the fault line) is released as thermodynamically more stable {P 2 Mo} species are formed in the peapods ( Figure  1) . Apparently, this strain/frustration on a molecular scale leads to the thermodynamic instability of the starting material and ultimately results in the formation of a thermodynamically stable macroscopic composite (peapods). However, the stress in the molecule can become active only to disintegrate the whole structure into its components if and only if the starting POM salt is less/sparingly soluble. Because the phenomenon described here leads to the formation of new shapes (on macroscopic length scales) as a result of degeneration (on a molecular scale), we propose to name this phenomenon degenerative morphogenesis. This experimentally observed phenomenon could be exploited for facile hybrid/composite materials design. Unlike the larger clusters, the smaller and less-soluble salts of POMs, such as that of the ammonium salt of the phosphomolybdate Keggin discussed here, do not show spherical shell-like superstructures; 2-4 instead, they show peapod-shaped structures as outlined here.
Conclusions
In this letter, we have described the unusual phenomenon of the spontaneous formation of micrometer-sized inorganic peapods starting from a sonicated aqueous dispersion of ammonium phosphomolybdate Keggin. The structures have been characterized by DLS, TEM, and STEM/EDX analyses. These analyses have revealed the decomposition of the starting phosphomolybdate Keggin along the lines of the formation of the peapods. Low solubility and the presence of more than one component in the starting precursor is necessary to observe such a phenomenon experimentally. This letter demonstrates that lesssoluble polyoxometalates, such as ammonium phosphomolybdate (with two components phosphate and molybdate), have the potential to form microscopic composites (e.g., peapods), as observed experimentally. Thinking along these lines, we might predict possible POM precursors that could be candidates for forming comparable macroscopic composite architectures. They are sparingly soluble mono-, di-, and trilacunary Keggin and Dawson-Wells 1 salts in water or another appropriate solvent. Needless to say, each of these POMs, such as the phosphomolybdate Keggin discussed here, in addition to having more than one component in their molecular structures are also sparingly soluble in water.
